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Abstract 

UV-light-induced fluorescence is widely used in the study of coal macerals and palynological samples, but to date has not 
been described in great detail for plant macrofossils. Here, we report the characteristics of bright UV-light-induced fluo- 
rescence of various fossil angiosperm leaf taxa from the Upper Pliocene of Willershausen, Lower Saxony, Germany. The 
fluorescence is exceptional, since different fluorescence colors ranging from green to yellow to red can be observed and 
fluorescence properties are found to be related to genera. Using confocal laser scanning microscopy, fluorescence was studied 
in detail and emission spectra were obtained that allowed to differentiate broad groups of fluorophores. Fluorescence emis- 
sions attributed to chlorophyll degradation products demonstrate that fluorescence can be used as an indicator for exceptional 
chemical preservation of leaf fossils. Comparison with present-day senescing plants suggests that the fluorescence differ- 
ences in the fossil leaves are mainly caused by taxon-specific degeneration of organic compounds during senescence. The 
occurrence of various leaf taxa with different fluorescence properties, preserved under identical conditions of fossilization, 


indicate that diagenesis was not crucial for the differences in leaf fluorescence. 
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Introduction 


UV-light-induced fluorescence is commonly observed in 
fossil plant remains. It is widely used in the analysis of coal 
macerals and palynological samples, where fluorescence 
properties (i.e., color, intensity) can provide information on 
thermal maturity (Van Gijzel 1967; Teichmiiller and Wolf 
1977). In plant macrofossils, fluorescence microscopy has 
mainly been applied to study micromorphological details of 
cuticles such as stomata (e.g., Friedrich and Schaarschmidt 
1977; Schaarschmidt 1982; Kerp 1990; Meyer 2003; Kerp 
and Bomfleur 2011; Elgorriaga et al. 2019), however, lit- 
tle information has been provided concerning fluorescence 
color, spectroscopic analysis of emitted light, or possible 
fluorophores. Only Van Gijzel (1977) reported fluorescence 
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parameters (e.g., emission maxima) of several fossil plant 
remains. Wilde (1989) gave more detailed information on 
the fluorescence properties of the leaf remains from Messel 
(Eocene, Germany), describing yellow to green fluorescence 
of several species. He also mentioned that fluorescence is 
helpful to better differentiate between individual species 
(e.g., Daphnogene species). Furthermore, only relatively few 
color images showing fluorescence of plant macrofossils can 
be found in the literature, especially those displaying larger 
parts or even complete leaves (e.g., Schaarschmidt 1988; 
Kerp and Bomfleur 2011; Elgorriaga et al. 2019). 

Because striking differences in the color of fluorescence 
are typically not observed in the plant remains of a single 
locality, it was surprising to discover that many well-pre- 
served angiosperm leaves from the Pliocene of the Will- 
ershausen fossil Lagerstatte in Germany show bright and 
especially colorful fluorescence under UV-light. In par- 
ticular, since Straus (1930) noted that he could not observe 
fluorescence of leaves from Willershausen when viewed 
under UV-light, and Friedrich and Schaarschmidt (1988) 
mentioned only the fluorescence of stomata of two Quercus 
leaves from this locality. 
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Willershausen represents one of the taxonomically rich- 
est Pliocene assemblages in Europe (Mai 1995; Ferguson 
and Knobloch 1998), and is well known for the exceptional 
preservation of plant and animal fossils. Plant and arthro- 
pod cuticles are well preserved (Straus 1969; Briggs et al. 
1998) and many vertebrate fossils show preservation of 
soft parts (Westphal 1967; Rietschel and Storch 1974), in 
some cases even including pigmentation (Spinar 1980). 
The preservation of leaves from Willershausen is outstand- 
ing in showing color preservation (Schmidt 1939; Straus 
1952, 1969, 1977; Knobloch 1998; Ferguson and Knobloch 
1998). Most leaf fossils from Willershausen are brown, but 
leaves of the genus Fraxinus often show a greenish color 
(Figs. la, 2a) (Straus 1977; Knobloch 1998). Preservation 
of colors in fossil leaves is a remarkable phenomenon that 
can be observed only at very few other localities such as 
Clarkia (Miocene, Idaho, USA) (Smiley and Rember 1985) 
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and Geiseltal (Eocene, Germany) (Weigelt and Noack 1932; 
Dilcher et al. 1970). 


Geological setting 


The Willershausen locality is situated in the western foreland 
of the Harz Mountains, Germany, about 30 km north of Got- 
tingen. In the former clay pit, laminated clays with a single 
laminated carbonate horizon of about 30 cm thickness were 
exposed. The Upper Pliocene sediments were deposited in a 
small meromictic lake with anoxic bottom water, represent- 
ing a sink-hole that was formed by the dissolution of underly- 
ing Permian evaporites (Meischner and Paul 1982). During a 
period of about 300 years, the lake water was alkaline, leading 
to enhanced carbonate precipitation and to the formation of 
laminated dolomites in the center of the lake (Meischner and 


Fig. 1 Fossil leaves from the Pliocene of Willershausen showing UV-light-induced fluorescence. a, b Fraxinus pliocenica, GZG.W.34353. c, d 
Acer integerrimum, Quercus praeerucifolia, Fagus pliocenica, SMNS-P-P001994-399. Scale, 1 cm. a, ¢, normal light; b, d, UV-light 
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Fig. 2 Fossil leaves from the Pliocene of Willershausen showing 
UV-light-induced fluorescence. a, b Fraxinus pliocenica, SMNS- 
P-P001994-187. ¢, d Buxus pliocenica, SMNS-P-P001993-401. e, f 
Hedera sp., GZG.W.09681. Scale, 1 cm. a, c, e, normal light; b, d, 


Paul 1982). Almost all fossils from Willershausen have been 
collected from the carbonate horizon (Briggs et al. 1998). Geo- 
chemical analyses of the Willershausen clay revealed the pres- 
ence of intact sterols and stanols, and of £f hopanes, indicating 
that the sediment is very immature, although transformation 
of phytoplankton chlorophyll(s) to porphyrins is documented 
(Keely et al. 1994). 


f, UV-light. Exposure time was 2 s for all UV photographs except f 
with an exposure time of 1 s due to the very intense fluorescence of 
the fossil 


Materials and methods 


For the present study, we investigated material from the 
collections of the Geoscience Centre of the University of 
Gottingen (GZG) and the State Museum of Natural History 
Stuttgart (SMNS), representing the two largest collections 
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from the Willershausen locality (comprising more than 
7500 leaf fossils, Adroit et al. ). Only the 12 most 
common genera of leaves from Willershausen (accord- 
ing to Knobloch ) and accessory taxa that showed 
conspicuous fluorescence were evaluated. Taxonomic 
assignment of leaves was done according to Straus (e.g., 

; ; ) and Knobloch ( ) who studied the 
fossil plant assemblage of Willershausen based on leaf 
gross morphology. Although desirable, a modern revi- 
sion is not available. For comparison, modern autumnal 
leaves were collected in the Forest Botanical Garden of the 
University of Géttingen and were pressed and air-dried at 
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room temperature. UV-light-induced autofluorescence of 
leaves was documented using a Canon PowerShot A700 
digital camera and a Philips TLD 18W/08 UV-A Black- 
light Blue Lamp (340-400 nm, emission maximum at 
365 nm), with a distance of the light source to the fossils 
of about 15 cm. If not indicated differently, the exposure 
time for all UV photographs was two seconds. Micro- 
scopic fluorescence images and fluorescence emission 
spectra were obtained using a Zeiss LSM 510 confocal 
laser scanning microscope equipped with a META spectral 
detector. Fluorescence emission spectra were measured in 
the range of 501-704 nm using a non-destructive laser 
excitation wavelength of 488 nm. 


Fig. 3 Fossil leaves from the Pliocene of Willershausen showing UV- 
light-induced fluorescence. a, b Zelkova zelkovifolia (upper), Carpi- 
nus sp. (lower), SMNS-P-P001993-154a. ¢, d Tilia aff. americana, 
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SMNS-P-P001520-3. e, f Populus cf. tremula, SMNS-P-P001534-2. 
Scale, 1 cm. a, ¢, e, normal light; b, d, f, UV-light 
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Fig.4 Fossil leaves from the Pliocene of Willershausen show- 
ing UV-light-induced fluorescence. a, b Magnolia sp., SMNS-P- 
P001994-424. ec, d Malus pulcherrima, SMNS-P-P001447b-1. e, f 


Results and discussion 


Under UV-light, a distinct fluorescence of many well-pre- 
served leaves from Willershausen can be observed with 
fluorescence colors ranging from green to yellow to red 
(Figs. 1, 2, 3, 4, 5). The collected data suggest that the 
occurrence of fluorescence, and to some extent the fluo- 
rescence color, is taxon-specific. In some genera fluores- 
cence is relatively common and very distinct (e.g., Acer, 
Betula, Fraxinus, cf. Magnolia), whereas for other genera 
generally no or only very weak fluorescence is observed 
(e.g., Fagus, Quercus, Zelkova) (Table 1). The relationship 
of fluorescence properties with genera is most obvious in 
those cases where assemblages of leaves composed of dif- 
ferent genera are found on the same slab, i.e., representing 


Malus pulcherrima, SMNS-P-P001447a-1 (counter slab of SMNS-P- 
P001447b-1). Scale, 1 cm. a, ¢, e, normal light; b, d, f, UV-light 


specimens preserved under identical conditions of fossili- 
zation (Figs. 1d, 3b). 

Fluorescence is mainly observed in deciduous taxa, but 
can be observed in evergreen taxa (Buxus and Hedera) as 
well (Fig. 2d, f). Several leaves show signs of discoloration, 
which is also reflected in differences of the fluorescence. An 
outstanding example is a leaf of Malus pulcherrima with 
dark non-fluorescent spots, likely caused by lesions and 
senescence during life-time of the shrub (Fig. 4d). These 
differences in the fluorescence of evidently discolored leaves 
indicate that fluorescence of leaves is influenced by lesions 
and senescence. The impact of autumnal senescence is sup- 
ported by the observation that generally rather dark-brown 
colored and non-fluorescent Willershausen taxa like Fagus 
and Quercus are taxa with modern counterparts (e.g., Fagus 
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Fig.5 Fossil leaves from the Pliocene of Willershausen showing UV- 
light-induced fluorescence. a, b Rosa sp., GZG.W.30595a. c, d Rosa 
sp., GZG.W.30595b (counter slab of GZG.W.30595a). e, f Fraxi- 


sylvatica, Quercus petraea) that show strong discoloration 
before leaf fall. It is also striking that light-brown colored 
leaves from Willershausen usually show fluorescence, 
whereas dark-brown colored leaves of the same genera gen- 
erally are non-fluorescent (Table 1). However, it should be 
noted that for most leaf specimens it is usually difficult to 
distinguish between discoloration by senescence and dis- 
coloration by decompositional processes between leaf fall 
and sedimentation. Assessing the entire collection material 
of Willershausen leaves, it can be observed that the major- 
ity of leaf fossils show no fluorescence and leaves showing 
fluorescence generally are very well preserved. 
Observation of leaves in detail reveals that fluorescence 
is associated with specific leaf layers and structures. Many 
leaf compressions from Willershausen are split apart, and 
in some specimens, fluorescence differs between the leaf 
material on main slab and counter slab. For example, the 
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nus pliocenica, SMNS-P-P001446. g Detailed view of the specimen 
depicted in f, showing different fluorescence colors of different leaf 
layers. Scale, 1 cm. a, c, e, normal light; b, d, f, g, UV-light 


dark spots of the Malus pulcherrima specimen cited above 
(Fig. 4d) are only faintly seen on the counter slab which 
shows a yellow fluorescence throughout (Fig. 4f). Some 
specimens even show different fluorescence colors for differ- 
ent layers of a leaf. The upper leaf layers (in abaxial view) on 
the main slab of a Rosa specimen show yellow fluorescence 
(Fig. 5b), whereas the lower layers (in adaxial view) on the 
counter slab show green fluorescence (Fig. 5d). Differences 
in the fluorescence colors are most obvious in specimens 
of Fraxinus with examples showing yellow to red or green 
fluorescence (Figs. 1b, 2b, 5f). In some specimens of Fraxi- 
nus, the remaining part of an overlaying layer is preserved 
on the same slab, such as in a specimen that shows green 
fluorescence of the lower leaf layers and orange fluorescence 
of the remaining parts of the upper leaf layers (Fig. 5f, g). 
Using confocal laser scanning microscopy (CLSM), leaves 
were studied in further detail (Fig. 6). CLSM fluorescence 
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Table 1 Typical fluorescence 


: ; Family Genus Normal light color Fluorescence color* 
properties and normal light 
color of fossil leaves from Aceraceae Acer Light-brown/dark-brown Orange/— 
No aes Araliaceae Hedera* Brown Yellow 
Betulaceae Betula Light-brown Yellow to orange 
Carpinus Light-brown Yellow to orange 
Buxaceae Buxus* Brown Orange 
Fagaceae Fagus Brown to dark-brown - 
Quercus Brown to dark-brown - 
Magnoliaceae cf. Magnolia Light-brown to brown Orange 
Oleaceae Fraxinus Greenish Yellow to red? 
Rosaceae Malus Light-brown Yellow 
Rosa* Light-brown Yellow? 
Salicaceae Populus Light-brown/dark-brown Yellow/— 
Tiliaceae Tilia Light-brown/dark-brown Yellow/— 
Ulmaceae Ulmus Brown to dark-brown - 
Zelkova Brown to dark-brown - 


Listed genera represent the 12 most common genera of leaves from Willershausen (according to Knobloch 
1998) except those indicated (*) representing accessory taxa that showed conspicuous fluorescence; — indi- 


cates no fluorescence observed 


*UV-light excitation 


*In some specimens, green fluorescence of lower leaf layer 


images show cell structures, but no stomata, suggesting that 
mainly the mesophyll or upper epidermis is exposed in the 
investigated fossil leaves. Moreover, it was possible to meas- 
ure fluorescence emission spectra of areas with differences 
in their fluorescence properties. Typically, a broad fluores- 
cence emission with maxima in the range of 540 to 580 nm 
is observed for green- to yellow-fluorescent leaves, whereas 
red-fluorescent leaves of Fraxinus show an additional dis- 
tinct emission at about 650 nm (Fig. 6a—c). Both fluores- 
cence emissions were studied in a specimen of Fraxinus 
with a yellow-fluorescent leaf layer and partially remaining 
overlaying red-fluorescent leaf layer (Fig. 6c). 

Comparison of fluorescence properties of fossil leaves 
from Willershausen with those of present-day leaves show 
remarkable similarities. After several days of drying, many 
present-day autumnal leaves that initially showed only weak 
fluorescence revealed a distinct fluorescence (e.g., yellow- 
ish fluorescence of Acer pseudoplatanus, Betula pendula). 
By contrast, leaves that already exhibited strong brown dis- 
coloration when collected (e.g., Quercus petraea, Fagus 
sylvatica) showed no fluorescence as in the case of the fos- 
sil species. Moreover, corresponding to the distribution of 
pigments within leaf structures, fluorescence of present-day 
leaves is also associated with specific layers with often more 
pronounced fluorescence of the abaxial (lower) sides of the 
leaf. 

In living plants many different fluorophores are known 
to occur. Blue to green fluorescence is mainly caused by 
phenolic compounds and red fluorescence mainly by 


chlorophylls (Garcia-Plazaola et al. 2015). It has been 
shown that the green color of fossil leaves from the Eocene 
of Geiseltal is due to the chlorophyll a degradation product 
methyl pheophorbide a (Dilcher et al. 1970). It is therefore 
reasonable to assume that the red fluorescence (distinct fluo- 
rescence emission maximum at about 650 nm) of green- 
colored Fraxinus leaves from Willershausen (Fig. 6c) is due 
to chlorophyll degradation products. This is also supported 
by comparison with the fluorescence emission spectrum of a 
still green-colored present-day autumnal Fraxinus leaf show- 
ing a distinct chlorophyll fluorescence emission at about 
680 nm (Fig. 6d). In modern senescent leaves fluorescence 
is caused by colorless chlorophyll catabolites (phyllobi- 
lins) (Krautler 2016) and phenolic compounds. Flavonoids, 
belonging to the latter group, are also known from fossil 
leaves (Niklas and Giannasi 1977). The broad fluorescence 
emission in the range of 540-580 nm in leaves from Wil- 
lershausen may be explained by similar compounds. How- 
ever, this can only be verified by detailed and destructive 
chemical analysis, which would be beyond the scope of the 
present study. 

It is remarkable to observe a wide range of fluorescence 
colors in the leaf fossils from a single locality. Traditionally, 
different fluorescence colors of fossil plant remains (from 
different localities) are attributed to differences in diagen- 
esis. With increasing thermal maturity, fluorescence inten- 
sity decreases, accompanied by a shift of the fluorescence 
emission maximum to the red, finally followed by the extinc- 
tion of fluorescence (Van Gijzel 1967, 1977; Teichmiiller 
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Fig.6 CLSM images and 
fluorescence emission spectra of 
fossil leaves from Willershausen 
and present-day leaf. a Hedera 
sp., Pliocene, Willershausen, 
GZG.W.0968 1, yellow-fluores- 
cent leaf. b Rosa sp., Pliocene, 
Willershausen, GZG.W.30595b, 
green-fluorescent leaf. ¢ 
Fraxinus sp., Pliocene, Wil- 
lershausen, GZG.W.20213, 
image shows border between 
yellow-fluorescent leaf layer 
and overlaying red-fluorescent 
leaf layer. d Fraxinus excelsior, 
modern green-colored autumnal 
leaf. Spectra are from indicated 
spots in the images; blue spectra 
are from the sediment from 
areas where the fossil material 
is broken out 
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and Wolf 1977). However, in this study we demonstrate that 
different fluorescence colors, related to different groups of 
fluorophores, can be taxon- and senescence-specific, and 
can occur unrelated to diagenesis. A prerequisite for this 
exceptional record is that, as in the case of Willershausen, 
sediments were not deeply buried and the organic matter has 
remained very immature. 

The specific conditions at the Willershausen lake with 
anoxic and alkaline lake water (Meischner and Paul 1982) 
obviously account for the exceptional preservation of the leaf 
fossils. An anoxic environment affected by alkaline karstic 
waters is also documented for the green-colored leaves 
from the Eocene brown coal of the Geiseltal (Weigelt and 
Noack 1932) that show different fluorescence colors as well 
(red fluorescence of olive-green leaves and yellow or green 
fluorescence of yellow-green leaves, own observations). 
Taxon-related fluorescence has also been observed for the 
Eocene Messel flora (Wilde 1989) and the Miocene Clarkia 
flora (e.g., yellow fluorescence of Lithocarpus leaves, own 
observations). 


Conclusions 


Imaging and measurement of UV-light-induced fluorescence 
allow for the non-destructive and highly sensitive analysis 
of fossil plant substances. Our observations strongly suggest 
that the fluorescence differences in the leaves from Willer- 
shausen indicate chemical differences of the fossil organic 
matter. These differences likely are caused by the taxon- 
dependent breakdown of organic compounds during senes- 
cence via catabolism and subsequent changes between leaf 
fall and sedimentation. Diagenetic changes cannot explain 
different fluorescence properties of various leaf taxa pre- 
served under identical conditions of fossilization. Since 
taxonomic assignment based on isolated leaf fossils is often 
difficult due to significant morphological variations within 
leaf taxa, the fluorescence properties of well-preserved leaf 
fossils from Willershausen might be used for taxonomic 
purposes, supplementary to morphological characteristics. 
Furthermore, CLSM enables the localization of fluorophores 
up to the cellular level in the fossilized leaf tissue. By meas- 
uring of fluorescence emission spectra, different classes of 
fluorophores can be distinguished. Preliminary observations 
suggest that taxon- and senescence-related fluorescence of 
well-preserved fossil leaves may also be studied at a number 
of other fossil Lagerstitten. 
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